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The objective of this study is to evaluate the reliability of palatal rugae as a landmark for 
superimposition in orthodontic patients treated with palatal expansion. Pre- and post-treatment 
3D digital scans and Cone Beam Computed Tomography (CBCT) scans were obtained in 15 
patients treated with Rapid Palatal Expansion (RPE). The scans from each timepoint were fit to 
corresponding structures in their associated CBCTs, and the new volumes were oriented to a 
common coordinate system. Voxel-based superimpositions of pre- and post-treatment volumes 
were made for each patient using stable structures. A second set of surface-based 
superimpositions were made using palatal rugae. Concordance between the two methods was 
compared, and the two methods of superimposition did not agree. Palatal rugae is not a reliable 
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CHAPTER 1: REVIEW OF LITERATURE 
 
History of Cephalometrics 
 
Human structure and craniofacial anatomy have captivated the minds of our ancestors for 
centuries. Though the study of facial form can be traced to as early as ancient Greece, artists and 
anthropologists of the 13th to 15th centuries were the first to document craniofacial planes and 
measurements of their subjects1. Around the turn of the 16th century, German artist Albrecht 
Dürer first suggested evaluating head form using a coordinate system (figure 1)2. Over the next 
few hundred years, in an effort to understand anatomical differences and their relation to 
function, physical anthropologists began measuring cranial size and shape of human skulls. Their 
work produced a set of standardized planes and angles, which laid the foundation for what we 
now consider “cephalometrics”3. 
 
 
Figure 1 Albrecht Dürer’s early depiction of two basic types of facial form (1528). 
 
 
In 1895, craniofacial study was revolutionized with Wilhelm Roentgen’s discovery of the 
x-ray, which allowed us to visualize the underlying skeletal components of living subjects. Only 





decades following Kells’ ingenuity, other forward-thinking individuals such as Walkhoff, 
Koenig, Harrison, and Morton worked to adapt and improve the new technology for various 
dental uses4. 
As the x-ray found its way into dentistry, the orthodontic specialty was concurrently 
progressing. Pacini’s demonstration of the first lateral cephalometric radiograph in 1922 
particularly influenced the orthodontic field2. Many ideas spawned from this discovery, each 
attempting to systematically standardize, measure, quantify, and analyze the structures seen in a 
typical lateral cephalogram. Naturally, orthodontists of the time began to compare cephalograms 
longitudinally in efforts to better understand the effects of growth and treatment that had 
occurred in their patients. From this investigation, however, a new problem arose: if subsequent 
cephalograms were to be superimposed for comparison, it was necessary orient them using 
structures that were easily identifiable, stable, and reliable. 
In 1931, with the help of surgeons, anatomists, and anthropologists, Dr. B. Holly 
Broadbent introduced the Broadbent-Bolton cephalometer (figure 2) to standardize the 
orientation of the head prior to obtaining a cephalogram5. His work led to the proposal of two 
different cephalometric planes to be used as reference lines in serial superimpositions, including 
the Bolton-Nasion6 and Sella-Nasion lines7. Both ideas diverged from the traditional Frankfort 
Horizontal plane (originally forwarded by anthropologists in years prior), but the latter garnered 
much more support than the former. Synergized by its support from academic leaders such as 
Brodie, the ease of identification and reproducibility of Sella-Nasion likely contributed to its 




Figure 2 The Broadbent-Bolton cephalometer (a) that attempted to standardize head 
position in the production of lateral and posterior-anterior cephalograms (b). 
As the acceptance of Sella-Nasion as a reference line was becoming more commonplace, 
the concurrent work of other researchers began to examine its stability, and therefore, its validity. 
Perhaps the most famous of these were the Björk studies, which effectively laid the foundation 
for understanding growth and development of the human skull. In these experiments, small 
tantalum implants placed into the facial bones of growing children served as fiducial markers for 
superimposition. Serial cephalograms taken over two decades demonstrated the complexity of 
craniofacial growth over time9,10. Björk’s explanation of craniofacial growth was concomitantly 
supported by the work of Dr. Birte Melsen, in which she histologically analyzed the cranial bases 
of autopsy specimens ranging 0-20 years old. Her findings ultimately led to the development of a 




Each of these discoveries laid the foundation for modern day cephalometrics, in which 
the orthodontist assesses growth and treatment changes from both skeletal and dental 
perspectives. When longitudinal cephalometric radiographs are superimposed and traced (figure 
3) using stable cranial base structures, the result illustrates facial changes due to growth, 
treatment, growth modification, surgery, or some combination12. Additionally, maxillary and 
mandibular superimpositions can be registered on the regionally stable structures of each jaw to 
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demonstrate dental changes that resulted from treatment and tooth eruption alone. Established 
knowledge regarding average growth and eruption rates can then be applied to visualize the true 
orthodontic effects of treatment in a growing patient13. 
 
 
Figure 3 Example of modern-day cephalometric superimposition using a) cranial base 
structures, and regional b) maxillary and c) mandibular structures. Various analyses can be 
applied using skeletal and dental landmarks. 
 
 
However, a cephalometric approach to treatment evaluation is not without its own 
limitations. In the 1970s, Baumrind’s work highlighted specific deficiencies in the cephalometric 
method, including inconsistency in landmark identification, measurements, and 
superimposition14,15 ,16. Although each of these problems became negligible in study populations 
with a large enough sample size, the clinical impact of such inaccuracy remains significant 
because a clinician must treat each case individually. More recent studies commonly suggest that 
errors in magnification, geometric distortion, bilateral structure superimposition, and inconsistent 
head position could impact the evaluation of treatment records17. Perhaps the most obvious 
limitation is that cephalometrics offers only a two-dimensional assessment of treatment that 
occurs in three planes of space. Thus, an accurate and practical method for evaluating treatment 
changes in three-dimensions would prove extremely useful to the orthodontic profession. 
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Cone Beam Computed Tomography 
 
The recent increase in the application of Cone Beam Computed Tomography (CBCT) to 
the field of orthodontics is rapidly changing the way clinicians diagnose and evaluate treatment 
outcomes. In the last two decades, improvements in radiation dosage, accuracy, cost, and 
computer processing ability have all contributed to the popularization of 3D imaging among 
orthodontists17,18. From a CBCT image, three-dimensional volumes of the skull can be digitally 
rendered and visualized on a monitor, and individual slices through various axes can be used to 
generate extracted panoramic and cephalometric radiographs. Although some disagreement still 
exists regarding the accuracy and reliablity of 3D measurements when compared to traditional 
2D measurements19,20 , superimposition of longitudinal CBCT images has been more readily 
received21. 
Two methods exist for superimposing CBCT scans. The first involves registration of 
points easily identified in both volumes. In this method, identical landmarks are randomly 
selected and marked in two separate CBCT volumes so that a computer software can register 
each corresponding point to the other. The second method, which employs mathematical 
algorithms, is further split into two sub-categories: surface-based and voxel-based. For surface- 
based, the user specifies a topographical region of interest in both volumes, and the software 
registers the two using an iterative closest-point method to link surface anatomy. For voxel- 
based, a similar 3D region of interest is designated in both volumes, then gray scale values of the 
selected regions are compared by the software algorithm and registered to best-fit22. 
CBCT superimposition solves the dimensionality issue by allowing the clinician to 
evaluate changes in the transverse plane. However, similar issues seen in traditional 
cephalometrics remain; verified stable structures are needed for accurate superimposition. With 
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modern day ethical guidelines alongside a better understanding of the negative effects of ionizing 
radiation, a Björk-style longitudinal growth study that obtains annual CBCT scans on growing 
patients is rightfully impossible. Therefore, the principles established by Björk and Melsen in 
regards to anatomic structure stability have been assumed to apply in 3D CBCT 
superimpositions23. 
Using the stable cranial base regions defined by Björk and Melsen, Cevidanes et al 
demonstrated the validity of using 3D CBCT superimpositions to evaluate craniofacial changes 
(figure 4)24. Later, Ruellas et al demonstrated a method of maxillary regional superimposition as 
a viable proxy for cranial base superimposition in non-growing patients25. From these 
conclusions, one can infer that orthodontic outcomes resulting from treatment, growth 
modification, surgery, etc. can be evaluated in a similar manner to traditional cephalometrics. In 
fact, current orthodontic research is increasingly focused on the applications of CBCT imaging in 
the field, which include impacted teeth, cleft lip/palate, and skeletal anomalies necessitating 
orthognathic surgical intervention26. 
 
 
Figure 4 CBCT registration on stable anterior cranial fossa structures seen in the superior 
(a) and inferior (b) views produces 3D superimpositions to be used for treatment 
evaluation. In (c), the pre-treatment model can be seen in white, and the post-treatment 
model is displayed in semi-transparent red. 
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Although technological advancement does appear promising, a number of CBCT 
limitations still exist. These include diminished resolution due to beam scattering and artifacts, 
high cost, and limited accessibility27. The primary limitation inhibiting the widespread use of 
CBCTs is the relatively high dose of radiation when compared to traditional panoramic and 
cephalometric radiographs; currently, even the lowest dose CBCT equates to 2-4 times the 
amount of radiation exposure seen in a conventional set of orthodontic radiographs28. In regard 
to CBCT superimposition in particular, another limitation involves the assignment of arbitrary 
gray values to various craniofacial tissues, leading to potential errors in segmentation29. For these 
reasons, much of the recent technological development has shifted to reducing cost and radiation, 




The current limitations that exist with CBCT make its routine use impractical in the 
typical orthodontic practice. This issue has been partially addressed by a concomitant 
technological development in the form of 3D surface scanning. Intraoral 3D surface scanners 
work by first projecting light onto an object to be scanned. The object distorts the light, which is 
then captured by sensors in the scanner head. Those images are processed by the computer 
software to generate a point cloud. From the point cloud, a polygonal mesh is derived, which is 
further processed to produce a 3D surface model of the dentogingival tissues captured31. 
The possibilities of 3D surface scanning technology in the orthodontic profession are 
immense. Digital recordkeeping, 3D treatment planning, custom appliance fabrication, and 
predictive outcome simulations have all proven valuable to the orthodontic practice32. Ease of 
use, patient comfortability, and reduced chair time are also commonly cited advantages33. Some 
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contemporary research has even focused on fusion of the two 3D modalities (topographical 
scanning and CBCT) to generate a fully represented “virtual patient”34. In stark contrast to 
CBCT, digital scanning eliminates the worry associated with radiation dose and exposure 
frequency. This point is perhaps the most advantageous, prompting many to investigate the use 
of digital surface scanning as a means to evaluate orthodontic treatment via superimposition. 
However, as seen in 2D cephalometrics and 3D CBCT superimpositions alike, the same question 
must invariably arise; which areas captured in a digital surface scan are stable and reliable 
landmarks for superimposition? 
Palatal Rugae as a Reference Landmark 
 
Palatal rugae, also known as transverse palatine folds, are distinct anatomical 
protuberances that lie in the anterior portion of the palate. The number of primary palatal rugae 
typically ranges from three to five, each extending outward from the median palatal raphe. 
Although they tend to be irregular and asymmetrical in shape, numerous classification systems 
do exist. Most of the systems attempt to classify individual ruga based on primary and accessory 
length, shape, and branching patterns. Length typically falls between one and ten millimeters, 
and shapes are commonly described as sinuous, angled, curved, or straight35. Rugae are 
numbered in ascending order from an anterior to posterior direction, and they are commonly 
divided into medial and lateral portions. 
Rugae are derived from the lateral membrane of the incisive papilla, and their connective 
tissue cores are surrounded by submucosal fat and the stratum reticulum of the palate36. Initial 
anatomy can be detected as early as 3 months in utero, but complete development of a rugae 
pattern happens around the time of birth37. Although minor fluctuations in size may continue 
throughout life38, the final shape is thought to be formed prior to adolescence39. The uniqueness 
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and constancy of palatal rugae has intrigued anatomists since the late 19th and early 20th 
centuries, particularly in the field of forensics. In fact, many have often compared the palatal 
rugae to the human fingerprint; in cases when traditional methods of identification are 
impossible, the rugae have been suggested as a reasonable substitute40,41. 
If early studies suggested that rugal patterns remain stable throughout life42,43, their utility 
in the orthodontic profession would seem obvious. However, as orthodontists began to question 
this assumption, the stability of palatal rugae in relation to tooth movement was brought into 
question. In 1967, Peavy and Kendrick were one of the first to evaluate the effects of tooth 
movement on palatal rugae44. With the use of a modified symmetrograph (similar to a dental cast 
surveyor), anteroposterior and transverse changes of the palatal rugae were evaluated in 15 
patients treated with upper first premolar extraction and retraction. Their findings indicated that 
the lateral portions of rugae were more affected than the medial portions, and that those effects 
were more amplified in the anterior rugae. Despite these differences, they concluded that the 
rugal patterns were not significantly altered, and that rugae were therefore deemed stable. 
In 1978, Frans van der Linden’s work on growth changes in palatal rugae produced a 
result in opposition to those of Peavy and Kendrick45. Although he was primarily interested in 
evaluating patients’ growth, his sample included six patients treated with orthodontics. In his 
discussion, van der Linden directly referenced the work of Peavy and Kendrick, and claimed that 
the rugae can change markedly in response to orthodontic treatment. His dissent first brought 
into question the validity of rugae as a stable reference structure. 
As technology progressed apace, the hypothesis regarding rugae stability was tested again 
in the mid-1990s by Almeida and Bailey46,47. In those studies, a reflex metrograph used light, 
mirrors, and a microcomputer to evaluate the effects of extraction and non-extraction orthodontic 
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treatment on palatal rugae. Both conclusions reverted back to Peavy and Kendrick’s suggestion 
that the medial portions of rugae—and more specifically the 3rd ruga—remained stable 
throughout treatment. 
For a time, this statement was generally accepted; many orthodontic publications 
throughout the next decade relied on palatal rugae as a method for superimposition48,49,50. Since 
then, other methods of comparison have been made available, which allow for new and 
innovative ways of testing these theories. Unlike past studies which were forced to rely on 
physical models, surface imaging technology has allowed for digital acquisition and 
superimposition of dentoalveolar tissues. A number of studies have employed this technique to 
assess the stability of rugae. In 2009, Jang et al used intraoral surface scans to evaluate rugae 
changes in cases treated with first premolar extractions51. In these cases, three palatal miniscrews 
were used both as absolute anchorage for incisor retraction and fiducial markers for 
superimposing the T1 and T2 digital models. His findings not only supported the stability of the 
medial portion of the 3rd ruga, they designated a portion of the palatal vault as stable, too. In 
2011, Chen et al furthered this work by adding additional miniscrews to premolar extraction 
patients in order to reduce the potential for movement under loading52. Chen’s findings indicated 
that the medial two-thirds of the 3rd ruga, as well as a portion of the palatal vault just distal to the 
3rd ruga, were stable regions for superimposing digital models in cases with extraction and 
retraction53. 
With intraoral scanning gaining more popularity in the orthodontic profession, the debate 
regarding palatal rugae stability has been resuscitated, and its focus has narrowed. One recent 
study suggests that in cases with Rapid Palatal Expansion (RPE), medial aspects of the 3rd rugae 
cannot be considered stable54. Another submits that in cases treated with Slow Maxillary 
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Expansion, palatal rugae maintain their individuality well enough to be used in forensic 
identification55. Regardless of the difference in outcome, each of these assertions fail to compare 
rugae superimposition to a common gold-standard method, i.e. CBCT superimposition using 
skeletal landmarks. For this reason, an approach combining CBCT and digital scan data is 












In the orthodontic profession, outcomes of treatment are routinely reviewed. Comparing 
pre- and post-treatment (T2) records allow the clinician to better understand both the skeletal and 
dental changes that occurred. The conventional method for such comparison involves 
superimposition of stable anatomical landmarks captured in serial cephalometric radiographs56,57. 
Though widely accepted as a “gold standard”, cephalometric superimposition inherently contains 
certain disadvantages, including two-dimensionality, difficulty in structure identification, and 
magnification errors58. 
With the use of three-dimensional technology in orthodontics rapidly evolving, a renewed 
interest in other methods of evaluating treatment has emerged. Skeletal landmarks identified by 
Björk in 2D cephalometric films serves as a biological reference for 3D superimpositions using 
Cone Beam Computed Tomography (CBCT)59,60. However, certain limitations with this 
approach make routine CBCT superimposition impractical, including a relatively high dose of 
radiation, diminished resolution due to scattering and artifacts, higher cost, and limited 
accessibility61. Combining CBCT with high resolution digital models of the dentition can 
overcome the scattering and artifact limitations of CBCT alone. An ideal alternative would 
require a radiation-free, precise, and reliable method for obtaining records to be used in 
superimposition. 
Palatal rugae have been proposed as a stable surface landmark for registration and 
superimposition to evaluate dentoalveolar changes following orthodontic treatment62,63. To date, 
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research on rugae reliability has produced conflicting results; some suggest that palatal rugae are 
just as acceptable as cephalometric landmarks for superimposition64,65,66 , while others submit 
that no portion of the palatal vault is stable throughout orthodontic treatment67,68. 
The objective of this study is to compare the reliability of surface-based superimpositions 






This retrospective study analyzed the records of 45 patients (ages, 11-40 years) treated in 
the Orthodontics Department at Gangnam Severance Hospital, College of Dentistry at Yonsei 
University in Seoul, Korea. The inclusion criteria included patients treated with either 
conventional tooth-borne rapid palatal expansion (RPE) or Miniscrew Assisted Rapid Palatal 
Expansion (MARPE) whose records included pre-treatment (T1) and post-treatment (T2) Cone 
Beam Computed Tomography (CBCT) and T1 and T2 maxillary impressions. 15 patients (mean 
age 19.6) met the inclusion criteria. Each CBCT image was taken using Pax Zenith 3D (Vatech, 
Seoul, Korea) with the following settings: 105kV, 5.4 mAs exposure parameters, 0.3mm voxel 
size, and 24 x 19 cm field of view for a duration of 24 seconds. Digital Imaging and 
Communication in Medicine (DICOM) format was used to securely store all CBCT images. A 
3Shape Desktop Laser Scanner (3Shape Copenhagen, Denmark, high resolution setting) was 
used to digitize the dental casts associated with each timepoint. 
Image Analysis 
 
To merge the CBCTs and digital scans of the dentitions, the following steps were 
performed: 
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1. De-identification and conversion of DICOM files to GIPL format using ITK-SNAP 3.8 
software (http://www.itksnap.org). 
2. Orientation of T1 CBCT to a standardized cartesian coordinate plane using right and left 
Orbitales in the coronal plane, Porion and Orbitale in the sagittal plane, and Crista Galli 
and Opisthion in the transverse plane. 
3. Skeletal maxillary regional superimposition of T2 to the standardized cartesian coordinate 
plane T1 CBCT using the protocol established by Ruellas et al5. 
4. Generation of 3D surface models of the skull and dentition for T1 and T2 CBCTs using 
Slicer CMF 4.0 (https://www.slicer.org). 
5. Registration of T1 and T2 digital dental models to their corresponding CBCTs using the 
Surface Registration module in Slicer CMF 4.0. The facial surfaces of the central 
incisors, canines, and molars were used for the registrations. 
6. The registered T1 and T2 digital dental models were extracted and served as the regional 
maxillary skeletal superimpositions. 
To perform the palatal rugae registrations, the following steps were used: 
 
1. Extraction of the T1 digital dental models that were registered on the standardized 
cartesian coordinate system. 
2. Registration and superimposition of T2 digital dental model to the T1 digital dental model 
using the Surface Registration module in Slicer CMF 4.0. The areas selected included the 




Figure 5 Pretreatment digital model with rugae registration areas highlighted in red. 
 
 
Since both the T2 regional maxillary superimpositions and T2 palatal rugae 
superimpositions were registered to the same T1 standardized digital dental models, reliability 
between the two methods can be assessed by comparing differences between dental structures 
from both T2 registered models (Figure 2). These dental structures include mesioincisal point 
angles of right central incisors, cusp tips of canines, and mesiobuccal cusp tips of first molars. 
The distance difference was measured for each T2 landmark between the two superimposition 
methods. The distances were documented in all 3 dimensions as well as Euclidean distances. 




Figure 6 (A) Superimposition of T2 (green) on T1 (wire mesh), registration on CBCT 
skeletal landmarks. (B) Superimposition of T2 (red) on T1 (wire mesh), registration on 
rugae. (C) T2 models overlayed in 3D space, comparing superimposition methods. 





Descriptive statistics were used to illustrate the mean Euclidean 3D distance difference 
between T2 landmark positions seen in each of the superimposition methods. To test reliability of 
the measurement, registrations and measurements were performed on 10 randomly chosen cases 







Descriptive statistics of absolute value Euclidean distance differences between the two 
superimposition methods are presented in Table 1. Notable differences were present at each 
dental landmark. 
Intra-examiner reliability of landmark placement was tested for each of the methods after 
a 10-day waiting period. Placement was highly correlated for both skeletal and rugae 
superimposition methods (Lin’s Concordance Coefficient = 0.98, [95% CI: 0.98-0.99]). 
 
 
Euclidean Distance Differences Between Superimposition Methods 
 Incisor Canines Molars 
Mean Difference (mm) 1.43 1.19 1.24 
SD 0.79 0.69 0.81 
 
95% CI 
Upper 1.87 1.46 1.59 
Lower 0.99 0.94 0.95 
 
Table 1 Descriptive comparison of distance measurements between superimposition 





Digital superimposition of pre- and post-treatment dental casts allows for visualization of 
orthodontic treatment effects in three dimensions. Unlike traditional cephalometric or CBCT 
superimpositions, the lack of radiation needed to obtain a 3D scan of dentoalveolar structures 
(via table or intraoral scanning) makes this method all the more valuable. However, since typical 
bony structures are not included in a scan, establishing stable soft tissue structures is necessary 
for accurate superimposition. 
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Previous studies comparing the stability of intraoral landmarks throughout orthodontic 
treatment have largely agreed upon the medial aspects of posterior palatal rugae69,70,71,72,73. 
Although most of these studies were performed without the aid of digital software, some have 
used surface-based methods and miniscrew fiducials to register scans74,75. To assess the 
reliability of the palatal rugae claim, our goal was to compare the surface-based method of 
superimposition using palatal rugae to the gold-standard method that uses known, stable 
structures captured in a CBCT. More precisely, this study focuses on a mode of orthodontic 
treatment that is routinely used, and known to affect the skeletal components of the palate 
directly – i.e. rapid palatal expansion76. Movement and remodeling of skeletal structures may 
have some impact on the overlying soft tissue structures77,78. To date, research focusing 
specifically on patients treated with palatal expansion has produced conflicting results in regard 
to rugae stability79,80. 
Our results show differences in the 3D position of teeth when the two methods of 
superimposition are compared. An average 1-2 mm of difference in Euclidian distance was noted 
for the incisors, canines, and molars, indicating that the two methods of superimposition are non- 
concordant. The clinical impact of such a discrepancy is illustrated by the example in Figure 2. 
The skeletal superimposition shows that incisors moved anteriorly, and that molar anchorage was 
lost. Conversely, the rugae superimposition implies that incisors moved posteriorly, and that 
molar anchorage was held. Furthermore, overbite correction occurred via molar intrusion in the 




































Figure 7 T2 models registered to T1 (wire mesh) using each method of superimposition. 




Limitations of this study include a small, heterogeneous sample size. The subjects were 
not controlled for age, growth potential, or sex and the treatment was not standardized to a 
specific degree of expansion. Some of the cases included were treated with extractions in 
addition to RPE, which could also have some effect on the palatal rugae. Future studies are 
needed to increase the sample size, and to determine the degree of expansion which renders 




In patients treated with rapid palatal expansion, superimposing digital scans on the palatal 
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